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1. Title of lawntiim 

A METHOD FOR IMPROVING THE OXIDATION- 
RESISTANCE OF METAL SUBSTRATES COATED 
WITH THERMAL BARRIER COATINGS 

2. Cluims 

1 . A method for piwt(^ng a piot^tive ooatLag on a meULl-ba^ed 
substrate, comjsisiqg the following step: 

(a) appljring an alumizwm'dch tnixtoie to the substmis to form a 
discontinubus layer of dummum-rich particles in a matrix of metallic bond coat alloy, 
whsreiu the amount of aluminittn in the particles exceeds the amount of ^uminum in 
the oietaliic boiHl coat alloy by d)out 0. 1 atomic % to about 40 atipmio %, and 1)41161^0 
the total amount of aluiraniKii in the ^imdnuiti-tlch mixture is in the nmQe of about 10 
aitomic % to about 50 atomio %. 

2. The method of claim 1 , wherein the alununtim-rich mixture 
ooDxpiises particles ofa fint oemponent 

(cDmponent I) and particles of a secoad cosnponent (compooent II). 

3. liw jnethod of claim 2, wherein component (I) comprises 
particles of Aluminum and a second inetat, and ctsnpooeot (II) cuMupdaes partidlcs of 
an alky of the fhsmula MCrAlY, whpce M is selected from the giioup consistii^ of Fe, 
Ni, Go, and mixtuinss tiiereof. 

4. the method of claim 3, wherisiin die aecotid inet«l for 
component (I) is nickel. 

5. n» mettiod of oUumJ, wherein ilie level of component (I) is at 
least about IH by volutne, based on the ti^ wjlume of cqmiKxnieftS (I) fli)4 01). 
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6. TKeti^odof daim S. wherein the le>«i of cotnponsQt (I) is in 
tha range of about 5% by volume to sbm 50% by vohune, based on tlifi totail ^liime 
of componeGts {J) and (11). 

7. The method of daim 6, wherein tta ieyd of componeM {I) is in 
the Jtaage of «*out 1 5% by vohaw to sbm 50% by volume, 1ffi$ed on the total 
volume of compoitents ^) and (li), 

8. The imihod of claim I , wherein the disicontiiiuous layet of 
aluminmn-rich particles is chaiacterized by a ccffltigtiity fraction, and the contiguity 
fraction is less itvm about 65%. 
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9» The msHsod of cUim 1 , wher«in flie alutniaum-ridi layer has a 
tWckiass m the lafige of about 25 micrOnS to about 400 microns. 

10. The nietbo4 of clajin I , v^herein the aliuniiium'rich mixture is 
applied by a plasma iprny t«chnkiut. 

H, The meliiodofdaim 10, wherein the dlsxwi^ 
{^imuQum-nc^ particles Is beat-treated. 

12. The method of claim 11 , wherein the heat-treatment is earned 
out at a temperatm-e in the ratige of about 925''C to about 1 260**C, for a time period 
between about 1 5 minutes and about \6 hours. 

13. The method of claim 1, wbereiaaaieMlicbond layer is applied 
eyex the discontinuous layer of aluminum-rich pajniciea. 

14. The method of claim 13, wharein the metallic bond layer 
comprises an alloy of the fomula MCrAlY, where M is selected from the group 
consistiag of Fe, Ni, Co, mJ mixtures of aay of the foregoing. 

15. The method of cbjm 14, wherein the metallifi bond layer has a 
thickness in the t&a^ of about SO microns to about 500 microns. 

1 6. The method of claim 15, wherein the metallic bond layer Is 
applied by a plasaa spiay process. 

1 7. The metbod of clmm I, wharein ^ ffl<^-based subsltata Is a 
nickel-lbased superalloy. 

18. The method of claim 1, wAenein a thfirmBl barrier coaling ia 
applied over the discontinuous layer of aluminum-rich particles. 

19. An article, compristttg^ 

(i) a memi'oased substi^; and 



(it) an alaininum-ccntalniing layer over die substrate, comprising a 
discontimious layer of alumimmKich particles. 
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20. The article of claim 19, fuithey comprising a thennal bamer 
coating over alundiwitipconteining layer (ii). 

21. Tlie article of claim 19, wfafiraii the amount of alumkusn in 
layer (ii), as applied, is in tlie langa of about 4% by weigijt lo about n% by Wight. 

22. Tte arttde of clsun 19, Mteein the alununum<ich jjaiticles of 
kyer (ii} CK»nprise duminiun md nickel. 

Zy. The eitide of daim 19. whereia tfae thifikAeas of laysr m, as 
applied, is in &» i^nge cf about 25 microns to about 4ffl} jidctons. 

24 . The article of claim 1 9, wherein aluminrnn-contSiaing layer (H) 
comprises particles of a first oooiponent (component I) and particles of a sicond 
compoiient (oomponent [J). 

25 . The fflticle of claim 24, whetein component (I) comprises 
partldes of alumiaam and a seoond metai, a&d couiponatt(n^ con^ses particles of 
an alloy of the formula MCrAiy, where M is seleeted fromihe group conasting of Pe. 
Nij Co, and miidwcs 'nduch coaiprise any of the fcwefoio^. 

26. The article of damn 20, viierein a metallic bond layer is 
disposed betw^ layer (ii) and the thennal barrier coating. 

27. The article of claim 26, wherein the bond layer comprises an 
alloy of tiie formula MCrAlY, iwfaere M Is selected ftoai the group consistiaji of Fe. 
Hi, Co, and mixtwes vtUdi comprise any of the fbregoiAg, 

28. Tlie article of claiin 1 9, wherein the metal-based iubstsate is a 

superalloy. 

29. The artide of claim 28, wherein the jsupeialioy is nickel-based. 

30. TbemicleDfclaim20,wheieiHthBtheimalbarHereoatit^i^ 
zircoma-based. 



31 . A method for providing a protective coatii^ om a metal-based 
substrate, c<Hni»ising the following steps: 



{IS) 

(a) applying m Ed wti«Btn-ridi mixture to the substrate to form a 
discontinuous layer of aluminum-rich particles Sn a, njati-is of metallic bond coat riloy, 
wherein the amotuat ivMiiminmn in tiie panicles estsseds ±c amoiml of duminum in 
the metric bond eoBt alloy by about 0.1 atotnle % to about 40 atomic %, and wh««in 
the total anuHint of ahaniBum k. the aiumiatim-dch nuxtuit is in the mise of about 1 0 
atomic ^ to about 50 atomic %, and flien 

(b) appl5dag at least oae coating layer ovar die dwcoatinuous layer of 
aluBoinum-ri^ particles. 

32. The mediod of cledm 3 1, whemn tbe aluminimMflch nristuie 
comprises pmticles of a fust oonqp!^^ 

(coraponoit I) md particles of a second component (coMpotteBl II). 

3 3. The method of claiin 32, wherein component (I) comprises 
pardples Of aluminum juid a second mensi, and component (II) comprises pactick» of 
an isUoy of ^ jformule MCrMY. wlieie M is jielected fiom the group consisting of Fe, 
Ni, Co, and mbtturies thereof. 

34. The melhod of cl^m 33, wfaenin the. second metal for 
compomn^ (I) ii ni^. 

35. The rnefthod of claim 33, wherein the kvel of coMpoaent(1}is 
at least about 1% by voliune, based on tiie total volume of components (1) aid (II). 

36. The method of claim 35, wherein the level of compOToit (I) is 
in the rsnge of about 5% by volume to about 50% by volume, based on die total 
volume of components (!) md (II)- 

37. The nnsthod of cidm 36, wheFein the level of compoaent (I) is 
in the range of about 15% by volume to about 50% by volume, based on the total 
volume of components (I) and (II). 

3<B. The method of claim 31 , wherein the discontinuous layer of 
aluminum-rich particles is characterized by a contiguity fraction, and the contiguity 
fraction is less than about 65%. 

39. The method of daim3 1, wherein the aluminum-ridi layer has a 
tluckness in the range of about 25 mioons to about 400 microns. 
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40. The method of claim 3 1 . wfacaeia the 8]ummuiD<>T;ch inhnws )$ 
applied by a piasm spray technique. 

4)1. Theme^ofclaijn40,vrfiqreb^(fisGonti^ 
aluminutD-ridi particles h heat-treated. 

4Z Tte method of cUiin 41, v^eia the hea^trea^ 
out St a tenipierature in the taAge of about 92S*'C to ftbout HdO'C, for s peiiod 
between abotrt 1 5 minutes md about J 6 hours. 

43. The method of claim 3 1 , wherein a metallic bond layer is 
applied over the discontinuous layer of aluminum-rich particles. 

44. The mediodofdaim 43, wherein the metallic bond layer 
coinprise* an alloy of the fiSBwda MCrAlY, where M isafleeted fitxn tbe group 
cousiating of Ft, Ni, Co, and mixtnTes of any of the foregoing. 

45. The method of claim 44, wherein the metallic bond l^yer ita$ a 
thickness in the range of about SO microns to about $00 microns. 

46. The method ofclaim 43, when^ the nxtallic bond layer Is 
applied by a plma& spray pnioesE. 

47. The method of clakn 31, wherein the metal-based substrate is a 
niipk^I-bASed superallc^. 



48. The method ofckim 31, vi^ierdn&thermai barrier coatio^k 
applied over the disconlJnuous layer of aluminum-rich paitictes 
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3. Detailed Besciipfion of Invrntioii 

BACKORDUND OF THE INVENTION 

This inveffliion was made with goverament suf^rt uwiler Con&act No, 
DEFC2195MC3n76 awarded by the Dcpgiaam of Energy ffSoE). The gpyemment 
tmy h»ve «ertaii} rights to the iaveotioa. 

Thj? meajim t^sm ifmaXLy to ptotecttv^i eoatlngs &c naetal 
9MbstiF9te$, More juiticulaf ly, it is din»cted to impcoved thennal bamer'coa^ii)^ 
^plied to metals designed Ibr hijgh tempearaiuie applications. 

Supexallo)^ aie oiEkn iJie matertals of choice for cofsponBiUs inimted 
for high-^temp»Hture ettviranm«at£. As an exao^!i[«, furbiiw hUdes and o&er parts of 
turbine eagiaes are often fptmed of nic^-based supcralioys because Hasy need to 
tnaintain their integrity at tem^eratjaes of at J«ast about 1 000*C -1 J 50'C. Protective 
costinga, ofien lefemd to as thennal bamer coatings or "TBC"s, effectively inctease 
the operating teinperatiue of turbine compogmts by maintaining or reducmg thfs 
surface temperature of to alloys used to fbun the various eagine components. 

Most TBC's are cersraiic 'based, such as a material like yttria-stabjli2sd 
zirconia. For a jet engine, the coadngs ate tilled to various surfaces, such as turbine 
blades and vtines, corabuscor lineis, and ooidnutor nozzles. Usutdly, the TBC 
ceramics ate applied to an intervening botsl layer which haa been applied directly to 
the sui&ce of the nutal past. The bond layer is often critical for improving the 
adhesion tvtween the metal ^ubsbrate aid the TBC. Bond layers sic usually fonned 
from a materld like "MCrAlY", where "M" represents a metal like iron, nickel, or 
cobalt. 

The tmm "supnalby" is usually intended to embrage compleK cobalt- 
or nickel-based aUoys vrhich include one or irote other elements such as aluminum, 
chromium, tungsten, molybdenum, titanium, fM iron. The quantity of each element 
in the alloy is earefidly contiDlled to impart specific characteristics, e.g., tnechanical 
jMopeities si»:h as highotetnperature strength. Aluminum is a par^larly iinportant 



component for many iaipeialloys. tecause of its fimcdon in the pceqipitetjon- 
Streng^iening of the alloy. 

If the supfflraUoy is exposed to an osidizing atmosphere for an extettded 
period of &ne. it cto become depleted in ahuninum. This is especially true when the 
particnbi superailoy cotnppno* is used at the elevated temperatuies tombed above. 
The aluminum loss can occur by way of various mechanisms. For example, 
aluminum can difiliSB into the bond coat, be consumed during ojdaatloii of the bond 
J A ! a* iwiA oruit/iniKBtniiB Intei&ce. The last- 



:an difiuw into the bond coat, be consunKO auraig ojaganon m 
coat, or be consumed during oxidation at the bond soat/substn^iateifi^ Tb*last. 
mentioned mechanism is particnlarly severe in porous boiid ssoats, 8ueh as ait plasma- 
sprayed (APS) bond mts. Aluminum-loss ftom the aubstraJ? ia acoel*rated4f the 
TBC orbcwMlcqstB«nMveddtfliiM*e satviMlifeofthecomponcat,- 

Since loss of aluimaum can be detrimental to the integrity of the 
supeialloy, techniques for countering such a loss have been investigated. At elevated 
lempffWtws. the substrate ca» be partially "replenished- v/itfa aluminum which 
diffiises fltKB an adiacoit MCrAJiY-(ype bond coat. Howwa. th# amoimt of 
aluminum diffbston into ^ substtate ftom ihebond coat is Usually insufficieBL 

One me&ed for mcieasiJig the alutmnum coirtfint of the superalloy in 
its suifece regioi> is sometimes lefeied to inthe art as "aluminidi<. fo such a 
process, dumiJumi is intioduccdinto theinb.stndeby avariety of techniques, tothe 
"pacic aluminiding" process, the substrate is imnwBud within a mixture or padi 
containing the coating element spume, flUw mW«rial. and JiaUda eflscgim. At 
temperatuies about 830-1 1 OOX, ehemical leaetimB within Hie miicture yield an 
aliiminimi.xich vapor vMch condenses onto ^ substrate airfece, and subsequently 



While aluuiinidii^ successMy provides aluminum to the substrate 
and subs^rst^bond coat intejfece. thete m some disadvantages associated with such a 
techniqae. For example, the resulting higM«™««ai!«^ 
Deposition of an overlay bond coat on a brittle SBtfisce j?m» sometimes be difacult 

It should thus be appatait tlat new meftods for inctcasuig the 
aluminvim oontentof the supemlloy surface and thereby increasing its oxidation life 
would be welcome in flw art These methods should pteveni the fonnalioti of a brittle 
layer betw««n the substrate and any subsequraiiyHappIied laya, Moreover, the new 
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methods should reailt in a surface which is very amenable to depositioa pf 
subsequeatly-applied laj^rs. It would also be very advantageous for She new msthods 
to be capable of providing alumifflim to a bond coat layer, to compemate fyr 
alutHinian coiisumed in the bond coat liy way of ostifJation. 

SUMMARY OF TH3E INVENTION 

In one embodimeirt, the invention is. directed to a mediod for proVidiiig 
a protective coatini on a nietal-based substrate, comprising the following step: 

(a) applying m aliHjjinvira-tich njiKturit to ttc sub^te to fhrm a 
discontinuous layer of alumimim-rich particle in a matrix of nwttdJic bond Soat alloy, 
wherein die asioirat of aluminum in the partictes exceeds the waomit of ailumtnwn in 
the metaJlit bond coat alloy by ateout 0. 1 atomic % to about 40 atomic %, and wherein 
tiie total amount of aluminum in the mixtiKe is i» the wge of abom 1 0 atomic % to 
about SO atomic per cent 

In a second embodimeiit, the invention is directed to a method for 
providing a proteotive ooBttng on a metel-based syMrate, compriains the follovsdng 

(a) applying an ^imuniun-iich mixtuie to the substiate to fonn a 
discontinuous layer of ^uralnjan-rieh particls in a madiix of metailiobwid coat alloy, 
wherein tlae amoant of ahuniavim in the particles exceeds 4e amoont of aluniiinuin in 
themeteUiebondcoatalloy by about 0.1 atomic%lo 8bout40 atomic V«, and wtwisln 
the total amount of alumtaBm in the nuxture is in the range of about 10 atomic % to 
about 50 atomic %; and }hen 

(b) apfdying at kst one coating layer over the discontinuous layer of 
aluminum-rich particles. 

Alianinum difBjses ftcwn the aluadinHn-rich layer into the supetal!<q^ 
substrate, as di««ssed below, The ducontinw&us vsiust of the alumlniBn-nch layer 
pnsyents mbrittiement- 

In preferred embodiinents, substantially all of the aluminum-rich 
tnateiia! eojnprise nonK)xide particles. Moreover, in many prefetred embodiments, 
the aluminvan rich layer is formed of two eompooents. Conqjonenl {I) usually 
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comprises particles of alrnnmum and a^ond metal, such as nickd, while component 
(II) usually comprises particles of an alby of the formula MCrAI Y, where M is a 
metal like Pe, Ni, Co, or mixture which comprise suy of the fttregoing. The 
almntnum-rich layer tm he afiplied fay plasma sp&y techniques, such as air plasma 
spiay or vacmun plasma spiay, or by high vdocily oxygen fiipi <HVOF). 

In some emboditnettts, the layer fomied <wilh the aKirainum-ricb 
mixture is heat-treated after being i^qjlied, to allow dtfSisioo of alunainum into the 
supetalioy. Moreo^r, in certain etnbotjiments, a convemioitial metallic bond It^er is 
applied over the altontnum-rich lagnr, prior to deposUtoa of a tisusnnal barrier coatins. 
The heat tieatment mentione(i above can altematively be icacriefi CHtt after degTositlon 
of the thptmal banier coating. . 

Another aspect of this invention is directed to an article, coaiprising: 

(i) a metal-based substrate; and 

(It) an alumhiutrt-ccHitaising layer over the substrate, comprising a 
disooDtinuois layer of aluminum>-tieh particles. In many preferred embodiment, the 
£utide may also Ihdiude a thermal barfler boating disposed over the aduminum- 
containing layer. 

As mentioned previously, the aluminum-comaining layer can be 
fonaed from a mixbire of a compomait based on paiticles of aluminum and nickel, 
along with a coiqpQiient based on a conventloaat MCrAl Y alloy. Moreom, a 
metaUic bond layer «a«i be disfwsed betwesn the alutmiumi-<poiitaii|ing layer and the 
thecmalbBFriira coating. , 

Further details regarding the ^noKsvs aspects of tbia inveotioia are 
proividsd in tije remainder of the disclosure. 
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DETAILED DESCRIPTION OF THE INVENTION 

A variety of metals w tn«tal alloys can be used as tiie substrate for the 
present inv«mion. Hie tenn "metal'basecl'' in referoDce to substiKtcs disclosed herein 
refers to those wbielh are priaarity formed of metal or ic^Ctd alloys, but which my 
also include some racuiriiaetfttlic con^sents, such as cerasiks, iotemietallic^hasgs, or 
interaiediate phases. Usualfy, tltt substrate is a heat»resistant alloy, including 
9Ujpeialioys which typically have an opemtkig tempeiaiture of up to about 1 000-1 1 50** 
C. They aie described in various reftwipess, such us U-S. PatBnts 5,399,313 and 
4, 1 1 6,123, both iacorpon^ heiein by leifewice. Jllustralive nid»l-b«se supeialloys 
are designated by the trade names Incojiel®, Nimoaic®, Rene® aid Udimct®. The 
ty ^ of substrate mi vary widely, but it is often in the foam of an engine pan, such as 
a turbine blade (bucketX a turbitie nozzle guide vane, or a combustor liner, As 
another example, the substrate tnay he the pistoa head of a diesel engine, or any othear 
surface tequiiing It he«t-issi8t»it beiderG09^^ In some instanoas, the substrate 
thickiH»s can be quite sm^l, for examide; less theoi about 0.23 cm. Thamal 
protection of thui-walled supeialloy cpmponentis is often a ctitual task. 

As inenUoned above, m alutnintim-Tldi miTmtre is applied to the 
subsbtrte. Conventional pRib^tment steps tnay be taken laior to depositios of the 
altosinmA-ticih saixture, e.g., cleanir^ of the substrate surface; grit bli»ting to remove 
debris tad to roughen the $ur&ce; and die.lUEe. The amount of aii^inivn in the 
^uminum-ridi mixtitre will depend in part on Ae aniount of aluminum intuided fbr 
difEusion from the layer into the superalloy substrate end iat6 any suibsequently- 
appiied bond coat layer. TlM»e amounts will in turn depend On the projected loss of 
aluminum from the substrate and bond coat layers during exposure to oxidimg 
atmosphs^s and high temperature. The ^roximste, projected loss of aluminum can 
be determined by, first, exposing the substrate and bond coat materials in the absence 
of the aluminum-iich layer of tliis invention to an oxidizing enyiionment wk^ 
selected time and temperature schedules. The microstnictuies of the materials can 
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then be eKsunmed, using variiM^ devices, such as a scanning electnsn microscope 
(SEM), equipped with an energy-dispersi ve X-ray detector. Such devices are capable 
of quantifying tiie altiminani loss &om the bond coat mi firom the surface rejgion of 
the siibsti^^. The "surface negion" is defined herein as the re^on extending firom the 
bond coat-substrate incer&ce to timlt 600 microns into the substrate. 

In general, the amount of duminum in the ahuninoni-Tidi layer will be 
large enough to compensate for any prajecto] loss of aluminum from liie substrate or 
an adjacent bond coat layer, but small enoi^h to pieveqi ^ iomiatioai of a 
continuous, brittle, alumuium*coataiaiiig layer, as described piievicnislyv Parameters 
for aluminum content, based on atomic percentages, wete provided above. In terms of 
weight percentf^es, the amount of aluminum in die mixtuie is oiften in the range of 
about 4% by weight to sAout 32% by wight. In prrfbnred embodiments, the amount 
of ahrniimim in the range about lim by fi^ight to aboul 20% by weigbt. In some 
especially jnef^ned anbodimenss, tiie amoum of aluminum is in the range of about 
12.5% by w«0t to about 19% by weight 

The aluminumHrich mixntre can be obtained f]t»m a variety of sources. 
In general, any aluminumrcontainioig mateiiaJ which can release aluminum into 
adjacent sui&ces or layers at elevated temperaciw^, such as above abcwt eoO'C, 
would be suitable, as long » ^ materia! dkns not react adversely with the substr^e 
niBterial or the maieriialiMhich fbnns any subseqnently-appiied bond coat. Non- 
]imitit;g exao^tles of alumiminhteJeasing i»)mpounds which are suitable for most 
embodiments include those baaed on ahtminum and nickel, such as MAI and N!3 Ai; 
those baaed on aiumiaum and titanium, such as TiAl and Ti3Ai; those based on 
aluminum and iron, such as FeAl and F«3A1; those based on alusminum and cobalt, 
sudi as CoAl; and those based on aluminum and zirconium, sudi as ZrsAl, Such 
materials usually ctsmmeic^ly aivailable, at can be prepared vnthout undue 
fjifficul^. 

In^me pcelenned embodiments, the aluminum-rich mixtunni is based 
on at least two componettts. ConqjoneaU (I) can be a compound based on aluminum 

and a second metal, as mentioned above. In general, the level of aluminum for this 
component is in the range of ^out 20 atomic % to about 55 atomic based on the 
total ^oms of aluminum and the second metal. In regard to the emnpiary aluminum* 
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rei«ast!ig eotapomis listed above, this langis genieraliy conssponds to a -weight-based 
rang« of ajbout 8% by wei^t to Bbout 37% by weight alomimim. 

Moreover, in prefeited ^emb{KiLII»nts, the second metal is nickel to 
constiiute the compounds NtAl or Ni3 AI. In the case of NiAl or NljAl, conversion of 
aprefened stooilc perpeatage'basediai^e to a weight percentage-based range results 
in a range of about 13% by weigjit Miuninunt to itbout 3 1 .5% fay weight alununum. 
Tho$e sikilled in the art understand that the piropoitidn of atoms in such compounds 
may vaiy somewhttf i^Om the stpicblomettic proportions^ but are still within the scope 
of the fbmjula-dflSigaation, NiAl or NijAl. 

in the «sbodiments basiBd on at least tivo compoiun^. oomponcm (II) 
is usually a convjentiona! maierial used for bond icoats. Exanqjiles include alloys of the 
formuia MCtAIY, whero M is selected fiom the group consisting of Fe* M, Co, and 
mixtures thereof. Many of diese types of alloj^ have ageneiajl comppsltioin, by 
weigh}, of sihont 17.D-23^0% ciumtiwu About 4.5-12.5% ahanimnn; and adiout 0.1- 
1.2% yttrium; ^di M coi»tifUt1ng the balance. 

For the two-component embodiment, the relative proportions of 
cotnponeats (1) ar».d (II) will depend in part on some of the factors described above, 
regarding aluminum depl«ti<Hi and lepienishment. In |eneral, the level of compon^ 

(I) is at least about 1% by volutne, based on the total volume of components (J) and 

(II) . In prefetred embodiments, the level (rf component (I) is in the range of about ^% 
by volnme to about 50% by vohttne, while in especially pieifbned embodiments, the 
level of comiK)nent (I) is in the range of about 15% to about 50% by volume. 

It should be undeirstiood that components (I) and (11) pould alternatively 
be expressed in terms of weight percentages, as long as the densities of particles for 
each cpmpjnent are taken into ^count. As anixample, if component (I) is NiAl, the 

particle density, is approximately 5.8 g/cm. If component CII) .is NiCrAlY (baviRg a 
nominal cpmpositiioa as follows: 68 wt.% JJi, ?2 wt.% Cr, 9 wt% Ai, and 1 vrt.% Y). 

3 

its partin^e density is approximately S.O ^cm . In such a ca^e, 1% by vdnme 
converts to about 1% by weight, based on total weight; 5%-50% by volume converts 
to about 4%-42% weight; and 1 5%-50% by volume converts so about i 1 %-42% by 
weight In siimUr "gishion, the weight levels of other matertais for components (I) and 
(II) twild be calcuiaii^ bas^i on thdr volume levels and densities. 
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Tile diickiiess of the aluminum-rich li^rcr will also depend on a varieQf 
of factors, such as the type of sulsstrate being protected; the presence or absence of a 
subsequenUy-^pHed bond coat; and the deaujed aoHKiot of aiumininn content. In 
those Instances in which np bond coat is to ^ubseiqUently ajqilied, the aluAiiaum- 
rich layer will usually have a liiickmss in them^e of about 2S microns to about 400 
microns, md prefiarably, in the rmge of about 100 micjoss to sbout 300 microns. If a 
bond coat is to be siAsequentiy applied, the aluraiRmn-rich layer will often have a 
Hhickn^s va the range of about 2J micions to about 300 inictons, and pro&rably, in 
tiff rai^e of about 50 tnicraos to abwt lOQ inicroiu!. 

The alumiaum-ricb tnixtnie can be applied by avaiiety of tKchrdques. 
Usually, a plasma spray technique or HVOF is ptefcnred. For the plasffla spray 
technique, an electic aic is typically usol to ionize various gi^es, »ich as iiitrogefl, 
argoo, heliimi, or hydrogen, to tempMBtures of about SOOO^C or greater. When the 
pmMS$ is carried out in hb air enyinuunent, it i$ often refbrred to as air plasma spray 
or "APS". The gases are expelled from an aomulus at high velocity, creating a 
charsctieristic thernoa! piusie. Povydermaterial is fed into ±e plume, and the melted 
particleis are actiderated toward the $ubstr«te being coaled. Plasma-fonned layers 
usually have a very foagh stuface, which enhances their adhesion to a subsequently- 
applied tb^tiuil bairior coafhig. 

As mentioned earlier, the layer of aluminum-rich particles is 
discontinuous. In o&er w»ds, the pardde? of die aiumiaumi-ricfa nuuerial not in 
continuoua contact widi each other. Instead, these discrete panicles are usually 
se^soed fccm (Kusb other by parttcks of another metal'based mateiM * usually the 
bond coat-type materid MCrAlY. A minor portion of &e aluntinum-rich layer might 
be considered to be coiitiiuous, "Contiguity" is a term which relates to the 
continuous nature of a layer of particles. Contiguity is defined heiein sa the faction 
of tot^ interfafiial ar^ of one phase that is shared by particles of tEw sanie phase. 

In general, contiguity is a measure of ^ ave«ige degree of contact 
between alumiwra-rich particles in the aluininura-iich mixture. The fraction of total 
iiiter&ciai area of one phase shared fay particles of the same phase ranges fkom 0% to 
100% as the distributioa of aluminum-ridi phase chaotges fiom a completely dispersed 
structure to a fully coiuintious structure. In some wbocSme&ts, the contiguity 
fraction for the aluminumrtich paittdes is less thw a^out 65%. Iti other words, less 
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than about 65% of the interfedal area of each aluminum-rich particle in the layer is in 
contact Mth an adjacent alumijDmin-rich pafticte. Such a layer is said to be 
^'discQtitinuous" acc<»K^ag to the pRssentdescdptkm of ttus inv«]iii(»]. In pie&n«d 
«mbodin)etitSi the cotitiguity fiaction for the alupunum-rich |»rticles is less thai) aboiut 
4DVo. In espec^lly pns&ixed ejnhodittients, the contiguity firactioa ftr the alumitnim* 
rich particles is less than about 25%. 

The discomiHuous nature of the aJununwtl'dch lay«;r iidiibits the 
eaibrittlemfiiit which chaxacteristically occurs with coatinuous kyets of alwninUMip 
rich materials. In the case of the two-component alummsan-rich layer, the aluminum' 
rich particles of com]»D«rt (I) would be separated fiom each other by the perdcies of 
compoDHit ai), c^., tbfi MCrAlY matrix. 

In some embodunents and especially in the case of a superalloy 
substrate, the aluminum-ridi layer is he^-treated after being deposited. The heat 
tieatment promotes the <U^on of aimadnum into ths substrate. It is usually carried 
out in an oxygen-teie emviroammt, to. avoid oxidation of the layisr. For example, the 
heat tiestiiKsit could be cartied out under vacnmi, in a hydrogen atmosph^e, or in an 
inert gas atmosphere. 

The pet^cular conditions &sr the heat treatment will depend oo a 
varied of ^ictns, such as the ihickness and particular composttioti of the duminvun- 
rioh layer; the type of Stibsteatis; the piegected loss of aluminum from the subs&ate 
aad/ot fitHn any subsequently-aj^Ued bond coat layer, the prcgected thomal exposure 
for the sttbstraie i» service; the required strength for the subsirate afioy; and economic 
coDsideratlons, In geQeyai, the alumtaum-ricb layw is usually h«t-tre8ted at a 
tempeiBtuie in the range of about 925*C to about 1260»C, for a time period of about 
15 minutes to about 16 hiWKS. In sooie prefewd «mbodiraents, die heat tieatment is 
carried out *t a temperature in ratige «f about 980'C to about 1 1 50»C, for a time 
period of abqut 1 hour i« about 9 bouis. As described below, ths heat tieatment can 
all*!matively be caitied out at a later stage, such as after the deposition of additional 
layers of various iDaterials. 

As mentioned above, a metallic bond layer or "bond coat" may be 
f^plied over the aluminum-rich layer. The bond layer promotes adhesioa ktwoea the 
coated substrate and a thermal barrier coadng which is applied at a later sts^e. The 
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boad layer also provides fijirther piotectioa to the aibstrate, especially in those 
instaiwes in w^ich the psit may be exposed to damaging envij-omuetits, Exemplary 
bond coat layers etre knovm in the art mi cteseribeij, for exampk, in U.S. Fatants 
5,419.97] and S,043,13S, both incorporated herein by !»fer^ The bond coat 
usually has a ^uckaess ta the range of about 50 tniaons to about 500 iniatais, an4 
preferaMy, in the range of about 50 microns Jo about 375 fniosifss. Prefeied boad 
coatings for Ais inyfentioa have the ftrraxula MCrAlY, where "M" can be various 
metals dr combinadoiB of nictals, such as Fe, Ni, or Co. la many jmtanees, "M" is 
preferably nidcei. 

The bond coat may be apjdied by a variety of conventional techniques^ 
such 85 plasma spray or oiiier thermal spray depositioQ metisods, such as HVOF, 
detonatibn, or wire spray; CVD (ch^cal vapor deposition); ta combiiwttons of 
plasma spray ami CVD techniqite?. Sonwdmes, it may be convRuent to entp>Jgy the 
^ame deposition tBclmique used to apply the ahm^ 

In many itBttmces, ^a plasom spray techmque is the ptefened niethod 
Ibr depositing the bcHid btytx. SpecaBc, noa-Umiting esumpies are low pressure 
plasma spraying and air plasma spraying. Details regarduig plasma spraying can also 
be found, for example, in Kirk-Othmer's Encyclopedia of Chemical Technology , ijrd 
Edition. Vol. 15, (1981) and Vol. 20 (1982); in Ulhnann's Ensyciopedia of Industrial 
Chemistry. Fifth Edition; Volume A6, VCH P>d:Aisher{1986); in Scientific Aaiferioen, 
H. Hetmn, September, 1948; and b U.S. Patent S J84.200, incorporated herein by 
rejEerence, One of oidinaiy skill in the s«t can ea^y become familiar with various 
process details which tnay be relervant; spiay distances; selection of the number of 
spray<passes, gas tennpeiiatiire; powder fs&i ratr, powder particle size and size 
distribution; heat treatment after deposition; or any other type of treatmstit a^ 
deposition 

A heat treatment as described earlier may be carried out a^ 
deposition of &e bond coat layer. This heat treatment eould replace the earlier heat 
treatment, or it could be an additional bfsaOQ^nt The conditions for this heat 
treattnent would be simi lar to those described isarUer. 

The therms! barrier coating is then applied over the bond coat, or over 
the aluininuni-rich layer in &ssse: instances in which a bpnd coat is not employed. 
Usvmlly, the TBC is zireonia-based, as nwotioaed previously. As used herein. 
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"zircoiiie-based" emb!:aces ceramic inatoi^'s which contain at least about 50% 
mcorda. In preferred embodiments, the zirconia is chemically stabilized by being 
blatided wth a lueterial such as yttrium oxide, cafcium oxide, magaesium qxide, 
cerium oxide, scandiutn oxide, or mixtures of any of those nwteriab. in one specific 
example, zinwnia can be Wended witit about 1 % iy weight to 9bm 20% by weight 
yttrhim oxide (based on their combined weight), and {inferably, &oni ^ut 3%-10% 
yttrium oxide. 

The thertna! banier coating can be applied by a variety of techniques, 
one being electron beam physical vapor deposition (EB-P VD), In some preferred 
embodiments, the thetmai barrier coatit^ is applied by plasma-spray techniques, 
which were described previously, Phiana spray systems are especially suited for 
coating large p^s, %ii th good control over t he thickness and uniformi^ of the 
coatLop. In Boxeal, the tluckiieas of the theniutl banier coating is in llie fange of 
about 75 iqjcrops to about 2000 microns. The most 8ppK)i»iafe thtckness depends in 
large pait on the end use of tfat oomponcnt. 

After the diermal banier coating has bem applied,, ,a heat treatment 
may be earned out, in addition to or in lieu of either of the earlier heat treatments, 
The conditions for this heat treatment are usualfy similar to those described earlier, 
although additional Actors are taken into consideration, such as the ihickn^s and 
composition of the theimal b«Tier coating. In prefensd embodiments, the heat 
treatment at this stage will be <»niBd out at a tempaatum in the mmge of about ^SO'C 
to about 121 0°C, Ibr atiine i^dodof about IS minutes to about 16 hours. 

As mentioned eairlier. a specific heat tieatmcnt need not be canied out 
in some embodiments of this invention. Tor example, a cwnponeot such as a turbine 
engine would eventually be exposed to elevated temperatures, such as about 750°C to 
about iiSO'C, during its seivice life. Such thermal sKposure would sometimes be 
stifHcient to promote the diSusioa of aluminum Saam die aiummum<^ch layer into the 
substrate aijtd any adjAcejtt isond coat The tn-jservice beat tnatmeot can occur as a 
soigflement to one or more beat treatments earned out eeiliei, as discussed above. 

it should be apparent from the dseussion set forth above that another 
aspect of this invention is directpd to & rMtal article provided with a prpteclive 
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(i) a metal-based substrate; sM 

(ii) m fllmnimitn-containiiis layer ovin di« aibslzate, comprisiog a 
discpntinapus layer of aluminum-rich pricks. 

In aiaay ^tu^ioia, a coatiug layer such as a bond coat or thermal 
bamer coating or both (componait (iii)) ai^lied over the sluminum-coiitatnittg 
layer, as described previously. 

The smopnt of jauminum in layer (u), as ^lied, is u$u£my in the 
range of about 4% by wei^ to about 32% by vreight Ta preferred embodinsents, tiie 
iiinount of aiumiftma is in the range of about !0% by weight to about 20% by weight. 
In some especially preferred embodiinents, its amount of aluminum is in the range of 
about 12.5% by wBig^it to about 19% by weight, as desciibed previously. The 
tfatckness of layer <ii) is usuftUy in the range of about 25 microns to about 400 
microns. 

In some embodiments, a metallic bcoid layer is dis|pos«l between layer 
(i!) and the thermal baiiier coatuig layer (lit). The bond layer usually comprises an 
alloy of the ^nnula MCr AIY, as described above. 

Very often, the metal-based substrate is a si^erailoy, such as a nickel- 
hased superaUoy, In those iistances, the thettnal barrier coating Is often zireonia^ 
based. The supeialloy my be a turbine engit»eon^)onent, for example. The 
presence of the aluminum-rich layer provides cntical alumiaum replenishnietit to botii 
the substrate and any bond coat that has been applied before die deposition of the 
TBC. Tiiis repieoisbmait in turn enh^es the oxidationHresistance of the component. 

EXAMPLES 

The fsllowiiis examples are merely illustrative, and should not be 
construed to be any sort of Uinitatioa on the scope of the claimed invention. 

In this example, an atuminum-r -ih layer was first applied to a series of 
superalloy su^trates. Each sutetrate was a button made &(m a nickel-bteed alloy, 
Reae^N-S, having a diaaieter of about 1 inch (2.54 cm), and a thickness of about 
0.125 inch (3. IS mm). Prior to d^itioii of ^ alumiiiutti-nch layer, die coupons 
were cleaned with isopropyi idcohol and grit-blasted. 



«F m im-i 5231 0 (PZOfll-l 5Z31 OA! 



The alumisum-fich layer was formed from two components. 
Component <I) was NiAl, having a nominaJ composition of 68.5 wt,% Mi aad 3 1 .5 
wt.% Ai (Le., 50 atomic % Ni, 50 atoiiiic H aluminum). Coinponent (0) was 
NiCrAl Y, having a nomtaal coni|»sitioa as follows: 6S wL% Ni, 22 wt% Cr, 9 wtM 
Al, and 1 wt% Y, The particle siae of cefflpohents (I) and {II) was in Aeiaagc of 
about 15 miGrOna to about 44 micions. 

For sampl* A (widiJn the scope of Ms Inyetrtioii), th« weight-^atio of 
component (1) to component {II) was 20 ; SO. For sample B (within the scope of this 
invention), the weight-tatio of component (I) to component (II) was 40 s 60. For 
^mple C, which was a control, the weight-ratio of component (I) to component (II) 
was 0 : 1 00. In other vraids, the contiol sampk eoosisted of only NiCrAlY. The 
aliuninun»-ri(ih mixme was s^chanically pie-mixed and air plasm&>spmyed onto the 
substrate, usiti^ a standai'd, 45 kw pleama sptsy gun under nitrogaVhydrogen 
conditions. TDtefblbwiagcondiriDaswereenipkjyed: 

Gvsn Power: Approxiniately 45 kw 

Gun-to-Substrate Distance: 5 inches (12.7 cm) 
Gum Speed 1185 mm/sec (2800 in/min) 

Powdet Feed Rate: 6 pduadftliour (2.72 kg/hour) 

The average thickness of the aluminum-fich layer was about 75 
microns to about 1 75 microns. For cfnh sample, a bond coat wa« then deposited on 
top of the aluminumrrkh layer, using ^ air plantia spray system, the composition 
of the bond coat was the same as componrat (II) above, i.e.. it was made up .entirely of 
the NiCjcAJiY material. The spray conditions were the same a$ those used to apply the 
aluminum-rich mixture. 

FIGS. I and 2 ajre |Aotomicrographs of a coated substrate 
cotrespondiEg to Samples A and B, respectively, prior to any heat treatment of the 
samples. The photomicrographs weae taksn. with sl Zeiss Ajciovert MetaUograph 
optical micioscope, Tbs area geneially mailced as "Section 1 ° m each figure has a 
depth of about 125 microns (+ or - about 20 micions), and primarily comprises 
KiQrAlY and voids. The area geneiaUy marked as "Sectkin 2" in each £guie also has 
a deplh of sb^ut 125 microns {+ or- about 20 mlGmns), and primarily coinpri8e$ a 
mixture of NiCrAlY and NiAJ. 
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In each figure, the light gray areas depicted by the arrows repr^sew 
particles of Nj Al. It is clear that the majority of thess partieles are ststomded by the 
"whitish" sections which represent NiCrMY. The black area repissents voids or pores 
within the coating sttucture. 

Ctutiignily was measnred from four fidds of view, ming multiple test 
lines, and gmeraily fo^o^nng Ae procedure outlined in the Quantitative Stereobgy 
text mentioned above. For sample A, cgntlgwty fiwtioA was about 32% to about 
41%. For sample B, the coQtigiHtyihwtionvinu about 50% to aim thus, in 
each mstance, a disoontbuous of alwiiinini-iich padcles vm peesent 

Standard thennal bairier coatings could be spirited over the 
discontitmous layer accorduig tp cpovcntionai piocediites, as described previously. 

FIOS. 3 and 4 aie plols of alunumun content as a fimction of substrate 
depth Kid bond coat depth for articles based on fte ptesent Invention. FIG. 3 is based 
on data taken piior to any heat tteabnent of die article. FIQ. 4 is baaed on after a 
vacmmi heat treatment was perfonned an the article, at a temperature of about 1 080'C 
for 4 hours. 

Smple D was veiy similar to sample A, and was foimed in the same 
nminer, using th« seme plasma spray conditions, i.ie., APS'dqposifkm of die same 
£damiaum-ricH layer of NiAi and NiCrAlY in a 20 s 80 walght ratio, followed by the 
APS-deposition of the NiCrAlY bond coat. Sample E was very similar to sample fi, 
and was fowned in the sssas manaer, using the same spray conditions, i.e., APS- 
deposition of the aluminum-rich layer of NiAl and NiCrAlY in a 40 : 60 insight ratio, 
followed by fbs AFS-depoutkm of the NiCrM Y bond coat. Sample F was simikr to 
sample C, i.e., a eontiol whkh consisted of only NiCrAlY. 

As for the previous samples, the substrate la each casp was the nickel- 
based alloy, Reae® M-5. The nominal aluminum level in the sutetrate was 1 4 atomic 
%, while m nominal aluminum kvfl ia the NiCrAlY material was 1 9 atcanic %. The 
composition profiles in the figiures tepTOs^ the average of tenispot-scan ptofika 
taken from diflSsnsnt regions of tiiie same sample. 

In the "as-spmyed" condition <i.e., pdor to heat treatment), the 
aluminum content of the NiCrAlY bond layer w«jg slig^itty bi^ier than tcm of the 
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substrete alloy , but low tJmn that ejqsectcd fitjjit the nominal composition of the 
NiCrAIY npiatmal. The aluminum comeni was lower because of surface oxidation of 
the particles that occunai dur ing APS, Further reduction in the aiuniinuin content In 
the htmd coat occuned duting heat treatment (see FIO . 4), possibly due to 
iitterdijflision mih the juidedyins suhstrate. the resulttiq; aluiniiiiun-caniposition 
profile sfao^d very UtUe difF^rduee in alumiauni oontent for the bond coat, as 
compaied to the substrate alloy. 

As shown in FIG. 3, the addition of 20 volume % NiAl to the first S 
mil (about 1 25 microns) layer of the NiCrAlY bond coat raised the aluminum content 
of the bond coat slightiy. Evm after the heat treatmwrt (FIG. 4), tWs portioirof the 
bond coat layer contained about 5 atomic % more alununum Hm the sifbstrate. The 
excess aluminima would be available for oxidation or for jnterdiffttsion into the 
nilMtrate. 

Intiiecase of sample E G^iAl aadNiCrAlY ina40 8 60 weight ratio), 
the ahrnikmrn-eniichment yras more piorunniced, widi aluminum content rtdng as 
h^ OS 3 D atomic %. As in thp ctw of sample D, tie altmiiniun enrichmett mts still 
present a&st the treaimonlt, aiici vvas conoGDtrated in about the first 5 mil (about 
13 5 microns) layer of the NiCrAlY bond coat 

Some of ^ prefensd embodmentshave been set forth in this 
disclosut« for the puttjose of illustration. However, the foj^ing descrtp^ dioutd 
not be deemed to be a limitadon on the scope of die invention. Accordingly, various 

modifications, adaptations, and aJteraatives may occw to one skilled in the art without 
dqiarting £tHn ^ spirit and a:ope of the claimed inventive concept. 

4. Biief Desmptioii of Drawings 

FIG. 1 1$ a phot^nnicrpgnph of a metal aubsttate coated with an 
alumlnum-iich lay«r And a bond coat, juKoiding to ^ present hvention. 

no. 2 is a photomlcro^ph of anodier metal substrate coated with an 
alummum-rich layer and a bond coat, according to tiie present invention. 

FK3 . 3 is a plot of aluminum content as a ftmctlon of depth into the 
bond coat and sabsuate, for articles based on the present invention. 

FIO . 4 is another plot of alimiimim content as a fiuiction of depth mto 
the bond coat and substrate, for articles based on the present invendon. 
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h Abstract 

A fnethod for providing a protective coating on a metal-based substrate 
is disclosed The mediod involves the i^Ucadoq of an abiminuasi-ricb mxtm to ibe 
sul:»braie to fbnQ a dtscDntinuous kgi^er of aluxQinuni'ricik particles, fbilowied Uie 
applicaXion of a second coating over the discontinuous layer of alunuQum-Hch 
partid^. Aluminum diffuses firoin &e tduatiinwn-rich lay^ into tjj® substrate, and 
into any bond coat layer vt^ch is subsetiiieatly ^Ued. Rested arddes asx also 
deseribed 

2« Represeatatlve Brewing: Figure i 



